We examined the risk of tuberculosis in relation to birth weight and ponderal index among 21,596 Swedish twins born from 1926 through 1958. Using a cohort design, tuberculosis risk was 11% lower for every 500 g of birth weight ( ) and 8% lower for every 0.2 of ponderal index, calculated as birth weight in grams P p .05 multiplied by 100 and divided by the cube of birth length in centimeters ( ). The association between P p .08 birth weight and tuberculosis was stronger in male individuals than in female individuals. In co-twin control analyses among disease-discordant monozygotic twins, tuberculosis risk was 46% lower for every 500 g of birth weight ( ). The association was stronger in male individuals (87% risk reduction; ) than P p .05 P p .02 it was in female individuals (16% reduction; ). A similarly stronger relation with male sex, compared P p .62 with female sex, was found for ponderal index. Because associations among monozygotic twins are largely independent of shared genetic or environmental factors, we postulate that fetal growth may play a causal role in susceptibility to tuberculosis, possibly through early programming of immunity.
Moore et al [1] have suggested that shortened survival of Gambian adults who were born during the hunger season could be attributed to early intrauterine sensitivity of the immune system to maternal malnutrition, because most deaths in this setting were due to infections. Although fetal growth has been associated with immunological fitness in adulthood [2] , little evidence is available to indicate that the early intrauterine environment could influence the risk of highly prevalent, potentially deadly infections throughout life. Tuberculosis infects one-third of the population worldwide and is second only to human immunodeficiency virus infection as a cause of death from infection by a single microorganism [3] . Thus, examining the risk of tuberculosis in relation to fetal growth could provide important evidence to support or refute the "early programming of immunity" hypothesis.
Studies involving twins offer an opportunity to examine the associations between birth weight, which is an indicator of fetal growth, and the offspring's disease risk independent of shared environmental or genetic factors. Twin siblings share the same exposures to maternal factors, the intrauterine environment, early life experiences, and genes (all if monozygotic and one-half if dizygotic). In addition, birth weight often differs between twins [4] ; these differences represent variability in fetal growth, possibly due to differential supply of nutrients to each twin [5] . We examined the association between birth weight and the risk of tuberculosis using prospectively collected information from 21,596 likesexed Swedish twins with known zygosity.
METHODS
The source population for this study was the Swedish Twin Registry (STR), which includes 37,392 like-sexed twins born in Sweden between 1926 and 1958 [6] . We restricted the analyses to intact twin pairs with known zygosity (32,580 subjects). Zygosity was assessed through questions on physical resemblance during childhood; this assessment was 99% accurate, according to a validation study with DNA markers [6] . Information on the incidence of tuberculosis was obtained from 3 sources: (1) a telephone interview conducted in 1998 [7] , in which 23,545 of the twins with known zygosity participated; (2) the population-based In-Patient Registry, which contains primary and secondary hospital discharge diagnoses coded according to the International Classification of Diseases, 9th edition (ICD-9) or International Classification of Diseases, 10th edition (ICD-10); we identified 25,927 of the 32,580 twins with known zygosity in this Registry with the use of a unique personal identification number that is assigned to all Swedish residents; and (3) the Swedish Cause of Death Registry, where we found 2831 of the participants with known zygosity. We assigned a diagnosis of tuberculosis if the participant responded "yes" in the interview to the question "have you been told that you have or have had tuberculosis by a doctor at a doctor's office or hospital?", or if discharge or cause of death diagnoses in each of the registries corresponded to the ICD-9 codes 018-019 and ICD-10 codes A15-A19. Concordance between the selfreport in the interview and the diagnoses in the registries could not be determined, because most tuberculosis cases (self-re- Birth weight and other perinatal information were retrieved from original medical birth records that are kept at local delivery archives throughout Sweden, as required by the law. We ensured correct birth identification of each twin within a pair by restricting to twin pairs who were both baptized and named at birth or, among participants in the 1998 interview, those who agreed on birth order. Medical birth records with correct identification of individual twins were obtained for 23,711 (73%) of the 32,580 liked-sexed twins with known zygosity. Of these twins, 23,600 had valid birth weight information, and 22,590 also had information on tuberculosis diagnosis. We further excluded 994 twins from incomplete pairs, for a final analysis sample of 21,596.
The primary exposure of interest was birth weight. In addition, we considered the ponderal index, which is a measure that is frequently used to indicate fatness or thinness at birth [8] , calculated as birth weight in grams multiplied by 100 and divided by the cube of birth length in centimeters.
We first examined the risk of tuberculosis in relation to birth weight and ponderal index using a cohort design with all twins. Relative risks and 95% confidence intervals (95% CIs) were estimated with the use of binomial regression models in which an exchangeable correlation matrix was specified to adjust for the correlation within twin pairs.
Next, we conducted co-twin case-control analyses among twin pairs who were discordant for tuberculosis. In these analyses, the healthy twin served as a matched control of the twin with tuberculosis. They were performed separately among monozygotic (168 subjects) and dizygotic (300 subjects) twin pairs. The matched nature of these analyses minimizes confounding by shared intrauterine exposures, maternal factors, and general childhood and adolescent environment, because 97% of the twins reported that they lived with their co-twin until 15 years of age. In the absence of substantial confounding by shared factors, the hypothesized inverse association between birth weight and the risk of tuberculosis should be comparable in the cohort and the case co-twin analyses. In addition, an association among monozygotic twins would be independent from genetic factors, because monozygotic twins share 100% of their segregating genes. All analyses were carried out with the use of SAS, version 9.2 (SAS Institute). The study was approved by the research ethics committee of the Karolinska Institutet.
RESULTS
There were 256 cases of tuberculosis. The incidence of tuberculosis was inversely related to birth weight and ponderal index. Every 500 g of birth weight was related to an 11% lower risk of tuberculosis (95% CI, 1%-22%; ), whereas every 0.2 P p .05 of ponderal index was related to an 8% risk reduction (95% CI, Ϫ1% to 17%;
). The association for birth weight P p .08 was stronger in male individuals than in female individuals (Table 1) . After adjusting for year of birth, gestational age at delivery, and within-pair correlations, the risk decrease corresponding to every 500 g of birth weight was 24% (95% CI, 5%-39%; ) among male individuals. By contrast, the P p .02 adjusted relative risk for 500 g of birth weight among female individuals was 1.01 (95% CI, 0.83-1.23; ; , by P p .91 P p .05 test for interaction). There were no major differences between monozygotic and dizygotic twins with respect to perinatal characteristics in the cohort analysis (data not shown).
We next selected twin pairs who were discordant for tuberculosis and conducted co-twin case-control analyses in which the healthy twin served as a matched control of the diseased twin. Among monozygotic twins, mean birth weight was significantly lower for case patients, compared with control subjects (Table 2) ; every 500-g increase in birth weight was associated with a 46% lower risk of tuberculosis ( ). The P p .05 association was stronger in male monozygotic twins (87% risk decrease per 500 g of birth weight, ) than it was in P p .02 female twins (16% risk decrease per 500 g of birth weight;
). Similarly, ponderal index was inversely related to the P p .62 risk of tuberculosis in male monozygotic twins but not in female monozygotic twins (Table 3) . Neither birth weight nor ponderal index was significantly associated with tuberculosis among dizygotic twins.
DISCUSSION
We found inverse relations between measures of fetal growth, including birth weight and ponderal index, and the risk of tuberculosis throughout life in a large cohort of Swedish twins. These associations could be confounded by shared genetic or environmental factors, such as low parental socioeconomic status; thus, we conducted co-twin control analyses. In these analyses, the associations were confirmed among monozygotic twins. Monozygotic twin pairs are matched for familial factors, such as shared environment and genes; thus, the associations are unlikely to be attributable to confounding. Fetal growth indicators were not related to the risk of tuberculosis among dizygotic twins; the associations could have been obscured by genetic confounding, because dizygotic twins share only onehalf of their segregating genes.
According to our findings, restricted fetal growth per se, possibly as a consequence of prenatal malnutrition, might influence the development of the immune function into adult life in ways that increase susceptibility to clinical tuberculosis. These effects seem to be independent of length of gestation, as preterm birth was not related to tuberculosis in the cohort analyses. In addition, the lack of association between birth length and tuberculosis suggests that the immunological effects of fetal growth are possibly unrelated to parental size and early intrauterine growth retardation. The strong associations with ponderal index indicate that the effects could be attributable to growth restriction during mid-to late-gestation and may be related to nutritional or oxygen deprivation.
There are some specific immunological pathways that could be affected by intrauterine growth restriction. Tuberculosis control requires a cellular immune response after primary infection [9] , and specific cellular immune responses in children can be affected by nutritional insults during pregnancy. For example, babies born in rural Gambia during the hunger season had lower proportions of CD4 + cells in cord blood [10] and smaller thymuses [11] than did those born in the harvest season. Specific Th1 CD4 + cell responses that are needed for an effective anti-tuberculosis response, such as interleukin 2 [12] and interferon g [13] expression by mononuclear cells, are related to season of birth in settings where nutrient availability is strongly subjected to seasonal variation. Exposure to prenatal malnutrition has also been related to impaired cellular immunity later in life [14] , suggesting that early immunological alterations may carry over into adulthood.
The associations between birth weight or ponderal index and tuberculosis were stronger in male twins than they were in female twins. This could suggest that male fetuses might be more sensitive than female fetuses to early programming of the immunological mechanisms that lead to increased risk of tuberculosis. Male fetuses tend to develop stronger Th1 cellular responses than do female fetuses [15] , and such responses are necessary for tuberculosis control. However, sex-specific associations between these responses and maternal nutritional status or fetal growth have not been reported. Previous studies have indicated that male fetuses are more susceptible than female fetuses to the intrauterine effects of maternal malnutrition on lipid profiles [16] [17] [18] , possibly owing to sex differences in fetal nutritional requirements [19] . Whether similar mechanisms could underlie sex-differential effects of maternal malnutrition on immunity needs to be determined.
We noted that the incidence of tuberculosis was higher among the female population than it was among the male population. This was unexpected, considering that most studies, including some conducted in Scandinavian countries [20, 21] , have reported greater rates among the male population. These previous investigations have presumably included singleton subjects. Nevertheless, in the Prophit survey, which was conducted in the mid 1950s among British twins, crude rates of tuberculosis were higher in the female population [22] , which is consistent with our findings. Sex differentials in the incidence of tuberculosis have been attributed to inequity in access to health care but also to biological characteristics [23] .
Whether sex-related susceptibility to tuberculosis is different in twins, compared with singletons, deserves confirmation in other populations. One limitation of our study is that the validity of the selfreported tuberculosis diagnosis is unknown. Given that misclassification is probably unrelated to the exposure (birth weight) status, it might have decreased the precision in the estimation of the underlying parameters. In addition, the generalizability of results from twin studies may be questionable, because twins are more growth-restricted and may differ in prenatal environment and upbringing, compared with singletons. In the case of tuberculosis, however, there are no indications that twins are more susceptible than singletons [24] .
In conclusion, this study lends support to a causal effect of fetal growth on the susceptibility to tuberculosis, especially in male babies. Future studies to identify the immunological mechanisms that are susceptible to intrauterine programming are warranted. Examining the associations between indicators of intrauterine growth and the risk of other infectious diseases or autoimmune disorders may provide insights into specific immunological pathways that can be affected by perinatal conditions. Prospective studies of maternal diet during pregnancy in relation to immunological end points of the offspring could focus on nutrients involved in DNA methylation pathways, which is a well-characterized epigenetic mechanism that may regulate the expression of immune responses.
